Bath engineering, which utilizes coupling to lossy modes in a quantum system to generate nontrivial steady states, is a tantalizing alternative to gate-and measurement-based quantum science. Here, we demonstrate dissipative stabilization of entanglement between two superconducting transmon qubits in a symmetry-selective manner. We utilize the engineered symmetries of the dissipative environment to stabilize a target Bell state; we further demonstrate suppression of the Bell state of opposite symmetry due to parity selection rules. This implementation is resource-efficient, achieves a steady-state fidelity F = 0.70, and is scalable to multiple qubits.
Advances in quantum circuit engineering [1] [2] [3] [4] have enabled coherent control of multiple long-lived qubits based on superconducting Josephson junctions [5] [6] [7] . Conventional approaches for further boosting coherence involve minimizing coupling to lossy environmental modes, but this poses an increasingly non-trivial challenge as chip designs scale and increase in complexity. An alternate approach, quantum bath engineering [8] [9] [10] [11] , explicitly utilizes this coupling in conjunction with microwave drives, to modify the dissipative environment and dynamically cool to a desired quantum state. Bath engineering in superconducting qubits has resulted in the stabilization of a single qubit on the Bloch sphere [12] , a Bell-state of two qubits housed in the same cavity [13] , many-body states [14] , and a variety of non-classical resonator states [15, 16] . Additionally, theoretical proposals have been put forward for dissipative error correction [17] [18] [19] and ultimately a universal quantum computation [20, 21] .
These approaches require careful selection of the bath modes, and typically many drives to excite these modes so as to produce a non-trivial ground state. Bath engineering schemes have typically focused on sculpting a density of states conducive to cooling, relying on the conservation of energy between drive, qubit, and resonator modes in multi-photon processes. In this Letter, we harness an additional degree of freedom: the spatial symmetry of the bath, which mandates conservation of parity. We combine both spectral and symmetry selectivity of the bath to provide a scalable protocol for generating on-demand entanglement using only a single microwave drive with a controllable spatial profile. As a demonstration of this scheme, we generate and stabilize a two-qubit entangled state of choice in the single-excitation subspace using two tunable 3D transmon qubits [3] in independent microwave cavities. Our results demonstrate the viability of this protocol for stabilizing many-body entangled states with high fidelity in extended arrays. Figure 1 . Cavity-mediated qubit coupling. a: schematic of aperture-coupled cavities, with weakly-coupled input ports κ in i , strongly-coupled output port κ out , and inter-cavity coupling J. b: Transmission spectrum of the coupled cavity modes, showing the symmetric (blue) and antisymmetric (red) peaks. c: Pump-probe spectroscopy of the coupled qubit modes, exhibiting an avoided crossing. Cavity B is driven at the symmetric cavity resonance conditioned on the qubit state |gg , and cavity A is driven at a swept Rabi pump frequency ω R . A dip in transmission (blue) indicates that ω R is resonant with a qubit mode. Vertical stripes are an artifact of data acquisition. The dashed line is a fit of the spectral data.
The experiments are implemented ( Figure 1a ) using two aperture-coupled copper waveguide cavities (indexed as A and B throughout this Letter), with an independent flux-tunable transmon embedded in each cavity. The cavities are fabricated with near-identical resonance frequencies ω flux-tuned to resonance at ω q A,B ≡ ω q = 2π × 6.200 GHz. The full set of qubit and cavity parameters are tabulated in the Supplemental Material [22] . The cavities are individually addressable via a weakly-coupled port (κ in i ) through which we apply qubit pulses and bath drives; cavity A has an additional strongly coupled port for readout.
The unitary dynamics of the system are described by a Hamiltonian that can be subdivided into qubit, cavity, and drive components:
where, in the rotating wave approximation,
Here,σ i are Pauli operators on the qubits;â † i are creation operators in the cavity modes; d i are Rabi drives applied at a single frequency ω d to the respective cavities with a tunable phase φ i ; and g i are the qubit-cavity couplings. Decay mechanisms not accounted for in these unitary dynamics include qubit energy relaxation (Γ 1 ) and dephasing (Γ φ ), and cavity photon leakage (κ).
The effects of the coupling terms g and J manifest in both the qubit and cavity sectors. The central cavity resonances hybridize into symmetric and antisymmetric modes, with the former having a lower frequency ( Figure 1b) . We define these modes as ω c ± = ω c ∓ J. In the dispersive limit where the qubit-cavity detuning
± is large in comparison to g, the qubitcavity coupling creates a photon-mediated XY interaction between the qubits, lifting the degeneracy in the single-excitation subspace [23] .
the coupled eigenstates and eigenenergies are given by the following:
Note that the single-excitation states |S and |T 0 are maximally-entangled Bell states. We can then define full basis states of the system including the cavity modes, as
where n ± indexes the Fock state of the respective hybridized cavity modes and |ψ q is a coupled qubit state − , the drive must comprise one antisymmetric (red) photon for each symmetric photon (n+ = n−). If this condition is met, stochastic leakage of cavity photons (purple, κ) brings the system to the entangled state |0, 0, T0 . Leakage from the entangled state is dominated by qubit decay (green, Γ1); leakage rates not shown include transitions between |S and |T0 , and off-resonant pumping to |T+ . |ψ q ∈ {|S , |T 0,± }. Figure 1c shows the qubit-sector avoided crossing of width 2δ = 2π × 2.7 MHz, in quantitative agreement with independently-characterized system parameters.
We now aim to stabilize the entangled state of choice (|S or |T 0 ) by taking advantage of the distinct symmetries of the bath modes at ω c + and ω c − [24] . We do this by simultaneously applying a two-photon at the individual cavity ports while varying the relative phase between the cavities (Figure 2 ). This work represents a generalization to arbitrary drive phase of the proposal in [23] ; the full theoretical treatment of this generalization (including dynamics) is presented in the Supplement [22] .
Our cooling protocol relies on transitions between two neighboring rungs of the Jaynes-Cummings ladder (typically the n ± = {0, 1} subspaces). The appropriate drive frequencies are given by
where χ ± is a cross-Kerr term leading to a n ± -dependent shift in the effective qubit frequency andω q represents the dressed qubit frequency, which has a powerdependent red shift due to the off-resonant displacement of the cavity field by the drive [25] . When a microwave drive is applied at one of these frequencies, a two-photon transition is created between the un-driven ground state |0, 0, T − and the resonant partner state |ψ ∈ {|1, 0, S , |1, 0, T 0 , |0, 1, S , |0, 1, T 0 }. However, when n ± > 0 the cavities decay stochastically and irreversibly at a rate κ + (κ − ) = 2π× 650 (820) kHz to |0, 0, T 0 or |0, 0, S , where the final qubit state is the same as that of the state targeted by the pump. There are no transitions from this state that are resonant with the drive. In the case of a T 1 decay, the drive rapidly repumps the qubits, thus creating a stabilized entangled state. A weak off-resonant pumping into |T + , which is depleted by T 1 rather than by active cooling, sets an upper limit on the cooling rate.
In Figure 3 , we implement this protocol by applying simultaneous, amplitude-balanced drives with a relative phase φ ≡ φ B − φ A to the input of the cavities. Panel (a) shows the sequence of pulses: we apply the bath drive for a fixed interval of τ = 10 µs, and sweep the drive frequency (ω d , y-axis) and relative phase (φ, x-axis). We then reconstruct the joint qubit density matrix ρ using tomographic reconstruction techniques [26, 27] based on high-power readout [28] . Figure 3(b) shows the fidelity to |S (red) and to |T 0 (blue), where the fidelity to a target state |ψ is given by F = ψ|ρ|ψ .
The symmetry-selective aspect of the protocol manifests at three symmetry points. In particular, there are four bands in which the protocol achieves entanglement, corresponding to the frequencies in The phase-dependent suppression can be understood as a parity selection rule that is dynamically generated by altering the drive profile across the coupled cavities. The starting permutation-exchange parity is comprised of the initial qubit state (|T − , a symmetric state) and the two photons used to generate the drive (which vary from symmetric to antisymmetric with φ); the output parity is comprised of the qubit state symmetry and the dissipated photon. Conservation of parity requires that the net parity of the output state respect that of the input state -remembering that the net exchange symmetry of two antisymmetric components is overall even. By varying the relative phase of the drives, we vary the input symmetry and therefore control the parity selection rules.
Under an even-parity drive, when the cooling drive is comprised of two symmetric or two antisymmetric photons (i.e. φ = 0 or π), we can only cool to the qubit state whose parity is the same as the cavity output photon. Indeed, population in the antisymmetric |S is fully suppressed in the lower (symmetric) band at φ = {0, π}, and |T 0 is similarly suppressed in the upper band (where the scattered photon is antisymmet- ric). There also exits a relative phase at which the drive is comprised equally of symmetric and antisymmetric photons, leading to an overall odd-parity drive. This phase is φ ≈ 180
• ± 67 • in these experiments, and differs from π ± π/2 because of the detuning ω c − = ω c + [22] . At these phases, the parity of the target qubit state must be opposite that of the cavity output photon. Cooling to |T 0 occurs only via the anti-symmetric cavity in this case, and cooling to |S occurs via the ω c + mode. These symmetry restrictions are lifted for generic φ, in which case both cavity modes can be equivalently used to target |T 0 or |S , and only energy conservation of input and output photons is required. Thus, simply by tuning a readily-adjustable parameter in our driving profile, we can turn a given entangled state from a forbidden into a symmetry-protected state.
The undulation in the cooling bands is an effect of the phase-dependence ofω q , due to the detuning between ω Similarly, we prepare |T0 using φ = π via the symmetric cavity mode. In both cases, we fix φ and ω d ; apply the drive for time τ ; and then tomographically reconstruct the resultant joint qubit state. The experimental data are represented as dots; solid lines are fits to a coupled rate equation with rates as noted.
trum at φ = 0 represents the same phenomenon, this time manifesting as power-broadening. The faint red-shifted cooling bands, detuned by χ ± , represent cooling between higher photon-number subspaces, as labeled.
By moving to the time-domain (Figure 4 ), we can resolve the effects of the several dynamical rates that govern the non-equilibrium steady state. For each experiment we fix ω d and φ, and apply the bath drive for a variable time τ , again finally tomographically reconstructing the joint qubit state. We utilize φ = π such that parity rules require cooling to |S (|T 0 ) via ω c − ω c + . The dominant rates in the system are Γ p , the pumping rate from |T − to the target state; Γ p , a weak off-resonant pumping to |T + ; Γ 1 , the spontaneous decay rates of the qubits; and Γ φ , the effective dephasing rate between |S and |T 0 . Provided that we meet the inequality Γ φ , Γ p < Γ 1 < Γ p , we expect the steady-state population to be entangled. We fit the data to a coupled rate equation and extract the pumping and decay rates. The quality of the fit to a simple exponential indicates that the dynamics of this system are dominated by incoherent processes, which is consistent with κ ± Γ p : in this regime, photons stochastically leak from the cavity much more quickly than the drive is able to repopulate them.
The steady state saturates to the entangled state of choice after a transient ring-up (dominated by Γ p ) and a small-overshoot (related to Γ φ ). The steady-state fidelities are F(|T 0 ) = 0.70 and F(|S ) = 0.71, well beyond the threshold F = 0.5 indicative of quantum entanglement. The fidelity loss is dominated by residual |T − population and by transitions to the entangled state of opposite symmetry |T 0 ↔ |S . Increasing Γ p in principle helps to depopulate the inital |T − state; however, increasing the pump leads to power-broadening of both the desired transition and of the off-resonant pumping to |T + . Since |T + decays equally to |S and to |T 0 , this creates a drive-dependent dephasing that sets an upper limit on the pumping rate. In a future on-chip implementation with currently-accessible qubit coherence times, this protocol can be expected to produce on-demand entanglement with fidelity in excess of 0.90.
In this work, we have demonstrated symmetryselective bath engineering, harnessing both the spatial symmetry and the density of states of the dissipative environment to achieve and preserve on-demand entanglement. The engineered symmetries in our system distinguish it from the two-qubit bath engineering experiment in Ref. [13] , where cooling to |S is achieved by utilizing far-detuned qubits in a single cavity; stabilizing entanglement in this system required six microwave drives, and only |S was accessible. In our implementation, the resonant construction of the photonic lattice imprints itself onto the effective qubit Hamiltonian and lifts the degeneracy in the single-excitation subspace. The lifting of this degeneracy allows us to reduce the number of required drives from six to one, and the use of separate cavities allows us to easily modify the spatial profile of this drive in order to capitalize on the permutation symmetries of the coupled cavity resonances.
Our work demonstrates that engineering symmetries of a dissipative environment provides a powerful route to quantum control. Because we achieve entanglement in a resource-efficient manner, our protocol is amenable to scaling to multiple qubits and cavities. In a multiqubit implementation, the even and odd permutation symmetries generalize to a quasi-momentum across the lattice -and critically, adjusting the profile of a driving tone across the lattice still provides symmetry selectivity. Furthermore, this architecture is well-suited to the preparation of many-body W -states [29] , the protection of high-symmetry states (i.e. quadrupoles), and the study of driven-dissipative dynamics in quantum lattices. The ease of access to single-qubit manipulation and readout makes this experimental geometry a promising testbed for transport and studies of long-range entanglement in these systems.
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